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ABSTRACT

AGGLOMERATION OF BED PARTICLES IN LOW-TEMPERATURE
BLACK LIQUOR GASIFICATION

Mark A. Woodruff
Department of Mechanical Engineering
Master of Science

The increasing concern for emissions and pollutants from power generation plants
has increased the desire for and the study of biomass fuels.

Biomass combustion

produces less carbon monoxide as well as other greenhouse gases. Black liquor is a
byproduct from the Kraft process in making paper. Black liquor can be gasified and used
as a fuel in recovery boilers and fluidized bed steam reformers. Recovery boilers have a
low efficiency and are used today because of their reliability. Steam reformers have a
much higher efficiency but they are a relatively new science and are not as reliable.
One of the reasons why steam reformers are not reliable is due to the
agglomeration of the particles in the fluidized bed. The particles will stick together,
agglomerate, at temperatures much lower than their melting temperature. The strength of
these bonds and the temperature at which the bed agglomerates were studied as well

as the effect of particle size on the heat transfer coefficient from the heaters to the bed
material by means of experimentation and analysis.
As the carbon content decreases, the agglomeration temperature also decreases.
For 0.3% carbon content coated particles, the agglomeration temperature is
approximately 490 ºC.

The temperature at which the inter-particle bond strength

increases dramatically also decreases. By comparing the inter-particle force with the
collision force between particles, it was observed that when the velocity of the particles
decreases below 1/500th of the free stream velocity, the particles will agglomerate.
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1 Introduction
Over the past few decades, energy demands have increased causing an increased
concern over supply while at the same time concern over global climate change has
added CO2 to the list of undesirable pollutants produced by combustion. Research has
been and continues to be done to improve the efficiency of energy production and to
reduce the amount of pollutants introduced into the environment. Due to increases in
energy demands and pollutants released into the atmosphere, it is desirable to increase the
use of biomass fuels that are renewable, CO2 neutral, and domestically available.
Biomass can be generally classified as any fuel that has been recently grown (less than
1000 years old). Some examples are bio-diesel made from vegetable oil, wood waste,
crop residue, energy crops, i.e., switchgrass, and black liquor.
Black liquor is a byproduct of paper production. Over 300 metric tons of paper
are made each year worldwide. About 200 metric tons of paper are processed using the
Kraft process. Wood chips, saw dust, and other wood products, are dissolved using a
mixture of chemicals called white liquor. The residual pulp is used to make paper while
lignin containing plant proteins, carbon, and hydrogen are dissolved into the white liquor
to produce what is known as black liquor. Black liquor contains both the valuable
chemicals that must be recovered to process more pulp and approximately half the energy
content of the original wood. The chemicals need to be recovered to be used again for
making paper while the energy in the hydrocarbons can be used for power generation or
liquid fuel production.
1

Currently, black liquor is processed in a recovery boiler. Recovery boilers are
large reactors where both the heat and chemicals are extracted from the black liquor. This
is done by first drying the black liquor to improve the energy density and then injecting
the liquor into a large furnace. As the liquor falls in the furnace it begins to burn and then
falls onto a molten, oxygen-depleted pool where the carbon burns from the surface and
smelt flows out the bottom. The sulfides and inorganic components of the smelt have to
then be separated, dissolved, and processed in a clarifier to separate the impurities from
the sodium sulfide/hydroxide solution. This solution is the white liquor used to dissolve
the lignin. Recovery boilers are however the most capital intensive part of the paper
making process and produce the production limitation because capacity can not be added
incrementally. Through funding from the D.O.E. and the University of Utah, BYU is
investigating an alternative to the traditional recovery boiler called gasification.
Gasification is a process whereby solid or liquid fuels are turned into gaseous fuels,
primarily CO and H2.
For more than 30 years the paper industry has been using the heat evolved from
recovery boilers not only for process heat but also for power generation. In 1972 some of
the paper mills supplied as much as 36% of their power needs by burning black liquor.
Today some mills produce as much as 54% of their power with their byproduct, black
liquor, but they are still inefficient. If the energy efficiency of processing black liquor can
be increased through, for example, gasification, there is enough energy in black liquor to
supply the paper process and become a net producer of electricity.
The gasification process is sometimes referred to as a steam reformer due to the
use of steam in the process. Black liquor can be gasified at either a low or high
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temperature and pressure. Low-temperature gasification is achieved through the use of a
fluidized bed. The bed material is made up of particles of sodium carbonate typically
ranging from 100 to 600 microns.

The sodium carbonate acts as a catalyst in the

gasification process increasing the carbon conversion rate and thus increasing the volume
of black liquor that can be gasified and the overall power output of the reactor. The black
liquor is fed into the reactor and coats the calcium carbonate particles increasing the
reacting surface area. Steam flows through the reactor at a desired flow rate to fluidize
the bed and react with the carbon on the surface of the particles producing hydrogen and
carbon monoxide. These gases can be used to create liquid hydrocarbons or can be
burned to heat steam for process heat or electricity production. The process of using a
fluidized bed is called low-temperature black liquor gasification because the reactions
occur at a relatively low temperature of 600 ºC compared to other gasification processes
that operate at about 1000 ºC. Something to note is that no combustion takes place in the
reactor itself. This decreases the pressure at which the reactor runs and decreases some of
the other risks of recovery boilers including explosions and toxic gas leaks.
The high-temperature, high-pressure method of gasifying black liquor uses a twozone pressure vessel and entrained flow. The black liquor is injected at the top of the
reactor and dries as it falls through the first zone. In the second zone it reacts with sodium
carbonate, sodium sulfate, and steam to produce CO, CO2, H2, H2O, and some heavier
hydrocarbons. These products can be used to produce a low BTU gas which is burned to
produce steam, burned in a gas turbine, or used to make liquid fuels, just like in the lowtemperature gasification process. The carbon conversion rate is lower in an entrained
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flow gasifier. At 700ºC, only 66% is converted to light gas elements and char, while at
1100ºC, 87% of the carbon is converted. (Sricharoenchaikul, 2002)
Since gasification occurs at a much lower temperature in fluidized beds, less
energy is required to run the reactor and a higher ratio of hydrogen to CO can
theoretically be reached. Less energy is lost if the product gases are cooled for cleanup
before being used in a turbine or liquefaction process. Both of these factors contribute to
a potential economic advantage over high-temperature gasification. The high-temperature
gasification process contains diluents in the low-BTU gas which reduce the energy
content and in turn decrease the power output of the gas turbine used in power
generation. Also, it has been predicted that these gasifiers could produce as much as three
times the electrical power as the recovery boilers used in industry today. (Burciaga, 2005)
There are currently at least two low-temperature fluidized bed gasifiers in
operation. One is located in Trenton, ON, Canada, owned by Norampac, and the other in
Big Island, Virginia, owned by Georgia Pacific. One of the difficulties experienced in
these demonstration facilities is sintering, which leads to agglomeration. The
agglomerates that are formed make it difficult to fluidize the bed which in turn decreases
the heat transfer rates and causes the particles to sinter and attach to the heaters. The
sintered particles further decrease the effectiveness of the fluidized bed and in turn stop
the reactor from gasifying the black liquor. In practice, when the bed material sinters,
there is usually a shut down and start up procedure that takes several weeks depending on
the size of the reactor. The shut down is long because the bed material has to be removed,
the heaters cleaned, and the material replaced. The amount of time it takes to clean the
reactor (down time) is the main reason why black liquor low temperature gasification is
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considered to have a low cost efficiency. An additional difficulty of burning biomass that
will not be studied in this thesis is the build up of tar in the reactor.
Due to the high potential energy output of the low-temperature black liquor
gasification process, the causes and conditions for agglomeration are being investigated
and an attempt is being made to create a model to predict when it will occur in a fluidized
bed.
This project investigates particle growth and agglomeration for commercial bed
materials in a pilot-scale facility for low-temperature black liquor gasification. The
sintering temperature of sodium carbonate, sodium carbonate with impurities of
potassium and chlorine, and bed materials supplied by Georgia Pacific which are coated
with black liquor will be measured in a bench-scale fluidized bed. The fluid bed sintering
temperatures will be compared with sintering strength of bed materials heated statically
in an oven. Based on the experimental results, two models will be attempted: a heat
transfer model of the fluid bed that requires measurement of fluid bed heat transfer
coefficients and a sintering model that predicts sintering temperature as a function of bed
particle velocity and temperature. These two models will help determine under what
conditions agglomeration will occur and give warning signs to prevent massive
agglomeration to decrease the down time of the reactor. The objectives of this project are
to:

1. Measure sintering temperature for sodium carbonate and gasifier bed materials in
a bench-scale, heated fluid bed.
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2. Create an empirical model to predict sintering or agglomeration temperature as a
function of bed composition and velocity.
3. Create a simple heat transfer model that can describe bed conditions and be used
as a diagnostic tool for determination of bed agglomeration.

The agglomeration model will predict the relative velocity required between two
particles to prevent sintering as a function of bed composition. The model will be based
on fundamental physics with empirical data to determine the strength of the bonds
between the particles. Some of the measurements that will be used to determine
information for the model are: sintering temperature, static sintering temperature, static
sintering strength, particle size distribution, and SEM images of particle morphology.
Static sintering strength of materials heated to the defluidization temperature will be
measured in static compression tests to determine the strength of bonds in the fluid bed.
SEM images of sintered particles will be obtained for additional evidence of sintering at a
given temperature and elemental composition measurements of the material will help
determine the migration of elements within the material or if specific material is
promoting sintering.
A 1-D heat transfer model will be created for the bed in order to predict the
temperature difference between the bed material and the surface temperature of heaters as
a function of fluidization velocity, inlet temperature, and particle size. The predicted
temperature difference between the heater surface and the bed will be compared to
measurements and can be used to determine if the bed is beginning to defluidize. Once
verified, a difference between the model and measured temperature difference can be
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used to identify and possibly control agglomeration. In previous experiments performed
by Dunaway (2005), there was an increase in particle size when agglomeration occurred.
By knowing what the temperature difference should be for a given bed temperature and
particle size, the model should be able to determine if the particles are growing or if the
bed has defluidized and be an early warning for agglomeration.

7

8

2 Literature Review and Theory
Fluidized beds have been used for the past 50 years in different industries. The
first of these was the pharmaceutical industry. Different compounds can be well mixed
and bonded together with the use of binder liquids: water, resins, soluble glues, etc. As
the compounds are fluidized and mixed together, the particles stick together and dry. In
this industry, agglomeration is desired and much work has been done to ensure
agglomeration and to obtain a desired agglomerate size. Another industry that wants to
form agglomerates is the powder metal industry. The science is similar to that of the
pharmaceutical industry except that the temperatures are higher and the binder solutions
are different.
For black liquor gasification and coal combustion, agglomeration is undesirable.
The mechanisms of agglomeration are the same and therefore the literature is abundant
for fluid beds in general, but typically, the literature reports on the science of encouraging
agglomeration and not on the prevention of agglomeration which is not well understood.
The literature for fluid beds and agglomeration is large and will be reviewed for its
relevance to black liquor while the literature on black liquor fluid beds will be reviewed
in detail.

2.1 Methods of Agglomeration
There are many different ways that two particles can agglomerate, or stick
together. For every application, the methods of agglomeration differ in bond strength and
9

importance when attempting to model the physical process. The different methods of
agglomeration have been summarized by Pietsch (1991) and are given in Table 2.1.

Table 2.1 Binding mechanisms of agglomeration
I.

Solid Bridges
1.

Mineral bridges, sinter bridges

2.

Chemical Reaction

3.

Partial Melting

4.

Hardening binders

5.

(a) Crystallization of dissolved
(b) Deposition of suspended colloidal particles

II.

III.

IV.

Adhesion and cohesion forces in not freely movable binders
1.

Highly viscous binders, adhesives

2.

Adsorption layers (below approximately 3-5nm thickness)

Interfacial forces and capillary pressure at freely movable liquid
surfaces
1.

Liquid bridges

2.

Capillary forces at the surface of aggregates filled with liquid

Attraction forces between solid particles
1.

V.

Molecular forces
a)

Vander Waal’s forces

b)

Chemical binding forces (valence forces)

2.

Electrostatic forces

3.

Magnetic Forces

Interlocking bonds (form-closed bonds)

In black liquor fluid bed agglomeration, the most significant bond types are the
first three types of solid bridges given in Table 2.1. Solid bridges can be formed in
different ways as shown in Table 2.1. Mineral, or sinter bridges, can be formed through
diffusion of molecules. Chemical reactions can occur, creating new compounds and
forming bonds on a molecular level. Partial melting occurs at points of high pressure and
10

can form strong bonds very quickly. This method of bonding, partial melting, is not
understood very well and has been generalized to occur at approximately two-thirds of
the melting temperature. Hardening binders are similar to resins in carbon fiber materials.
The binders act like a glue to hold the particles together. The drying of binding liquids
that dissolve the particles forms the last type of solid bridges.
The second type of bond is caused by binders that are usually some type of
adhesive that does not dissolve the particles. Highly viscous binders can cause the
particles to stay attached to one another due to the increased shear needed to break them
apart even if they are not an adhesive.
The third bond type is formed from liquid surfaces. The surface can be liquid due
to partial melting, or liquid binders. The strength of these bonds is approximately equal to
the capillary force of the liquid.
Forth, there are inter-particle forces that attract particles to each other. There are
three types: molecular, electrostatic, and magnetic. For example, van der Waals forces are
molecular, as the bed is fluidized the particles become charged and become electrostatic,
and some metals are magnetic. These bonds are usually much weaker than the other bond
types mentioned above. As the particle size decreases, these forces become a greater
contributor to the total bond strength.
Last of all, interlocking bonds can be formed by odd shaped particles. Due to the
geometries of the particles, they can become attached to each other. This type of bond is
exaggerated and illustrated below in Figure 2.1.

11

Figure 2.1 Interlocking of two particles in a fluidized bed.

2.2 Prediction of Agglomeration Temperature
There are many different methods that have been explored to determine the
agglomeration temperature of particles in a fluidized bed and/or their size. Each one of
the models makes different assumptions as to the strength of each type of bond
mentioned in Table 2.1. For example, some assume the van der Waals force is much
smaller than the other bonds that are formed. Each model estimates the agglomeration
temperature, and/or size, for a specific material or range of materials, but does not
accurately predict the agglomeration of every material. Some of the different models are
described below to show some of the concepts that were used in this project.
Yuki Iwadate et al. (1998) studied the agglomeration size of group C powders. In
his article, he compared previous models developed by Chaouki et al. (1985) and
Morooka et al. (1968). Chaouki assumed the only relavent forces were the drag force on
the particle, which was equal to the gravitational force, and the van der Waals force.
Morooka et al. on the other hand, used an energy balance instead of a force balance and
compared the laminar shear and kinetic energy of the particle to the energy required to
break an agglomerate. Both Morooka and Chaouki excluded the effect of bubbles.
12

Iwadate performed a force balance like Chaouki et al. using the pressure changes when a
bubble passes a particle as the external force to break up particles and a cohesive rupture
force. The cohesive rupture force is based on the van der Waals force and the elastic
repulsion force when two particles collide.
P. Compo et al. (1987) developed a method to help determine the sintering
temperature of many different materials. In these experiments, a dilatometer was used.
Dilatometers use very sensitive equipment to measure the expansion or contraction of a
substance. Particles were placed in a cylindrical tube and the height of the material is
measured under a constant compression force while it is heated. This is illustrated below
in Figure 2.2. The instrumentation has to be designed very carefully to remove the
gravitational force of the piston, remove all friction, and be sensitive enough to detect
very small changes in sample height. As the material is heated, the particles will expand
until the compression force is great enough that partial melting occurs and the particles
sinter.

Figure 2.2 Simple dilatometer.
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An example of what the dilatometer data looks like is shown in Figure 2.3. The
sample expands until 820ºC after which it contracts. This was done for many different
materials and then the ratio of the sintering temperature, Ts, and the melting temperature,
Tm, were reported for two different types of materials and are shown in Table 2.2. Most
of the ionic crystalline materials have a ratio near 0.66, two thirds of their melting
temperature, as stated by Pietsch in his text. The amorphous and covalent crystals on the
other hand have a higher ratio.

2.5
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0
300
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1000

Temperature
Figure 2.3 Example dilatometer measurement showing the sudden decrease in sample expansion.
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Table 2.2 Ratio of sintering and melting temperature.
Material

Ts / Tm

Ionic Crystals
Calcium chloride

0.57

Sodium chloride

0.58

Sodium bromide

0.63

Sodium citrate

0.65

Aluminum sulfate

0.44

Magnesium sulfate

0.47

Ammonium chloride

0.70

Amorphous and covalent crystals
Polyethylene granules

0.90

Polypropylene beads

0.83

Copper shot
Dp = 1015 μm

0.83

Dp = 718 μm

0.78

Dp = 569 μm

0.69

Polyethylene beads

0.87

Polyethylene balls

0.94

Polypropylene beads

0.84

Experiments have been performed by Skrifvars et al. (2004) with biomass ash to
determine the strength of the sintered particles and the sintering temperature. Skrifvars
used three different methods to determine the sintering/agglomeration temperature: the
ASTM ash fusion test, a sintering test (baked in a furnace), and a controlled fluidizedbed. The ASTM ash fusion test always over predicted the agglomeration temperature
when compared to the controlled fluidized-bed. The sintering test on the other hand was
consistently within 20-50 ºC of the fluidized-bed.
A typical force-temperature curve for the biomass ash particles from the
experiments performed by Skrifvars et al. (2004) is shown in Figure 2.4. The samples
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were baked for 4 hours to allow strong bonds to form producing the sudden increase in
compression strength. Skrifvars et al. recorded the temperature where the force suddenly
increased (shown by the dashed gray line) as the agglomeration temperature.

Figure 2.4 Typical force vs. temperature graph for agglomerated biomass ash particles.

Another author, Chunbao Xu et al.(2005), studied the effects of mechanical
vibration on the formation of agglomerates. Using the theory of elasticity, the collision
force of particles was calculated. The energy induced by mechanical vibration was also
calculated. These two forces were then compared to the cohesion energy of the
agglomerates.

2.3 Heat Transfer
Several studies have investigated heat transfer coefficients in fluidized beds.
Yang (1999) summarized many different articles and publications on fluidized beds and
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the heat transfer coefficients for different regions of a fluidized bed. The following
correlations come from the text Yang (1999) prepared.
Vreendenberg (1958) has studied the heat transfer coefficient of the fluidized bed
material around horizontal tubes. From data collected, he obtained two different
correlations. These two correlations are for coarse and fine particles and are given below
as Equation 2.1 and Equation 2.2 respectively. The only condition for the use of these
equations is given as Equation 2.3.

The variables are defined in the nomenclature

section.

0.3

⎞ ⎛ μf
kf ⎛ ρp
Ret ⎟ ⎜
h = 420 ⎜
⎟ ⎜ g ρ 2d 3
Dt ⎜⎝ ρ f
p p
⎠ ⎝
kf ⎛ ρp
1− εs
h = 0.66 ⎜
Ret
⎜
εs
Dt ⎝ ρ f

⎞
⎟⎟
⎠

Equation 2.1

0.44

ρp
Re > 2250
ρf t
Ret =

0.3

⎞
0.3
⎟⎟ Prg
⎠
Prg0.3

Equation 2.2

Equation 2.3

Dt ρ f u

μf

Equation 2.4

Borodulya et al. also studied the heat transfer coefficient for horizontal tubes in a
fluid bed. He combined both the convection of the solid particles and the fluidizing gas
into one expression given as Equation 2.5. The expression given as Equation 2.6 is the
Archimedes number. The conditions for the use of this expression are that the particle
diameter must be between 0.1 and 4 mm and the Archimedes number must be between
140 and 11 million, see Equation 2.7 and Equation 2.8.
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⎟
⎟
⎠

Equation 2.5

Equation 2.6

0.1mm < d p < 4mm

Equation 2.7

140 < Ar < 1.1E 7

Equation 2.8

Not only has the heat transfer between the particles and horizontal tubes been
studied, but also along a vertical wall and for the heat transfer between particles. Leva et
al. derived correlations from data he collected for particles flowing vertically along a wall
and are given below.

h = 0.525

kf
dp

Re p =

( Re )
p

0.75

Equation 2.9

dpρ f u

μf

Equation 2.10

The heat transfer between the bed material and heater tubes is what is of interest
in this thesis. The correlations that have been developed by those mentioned above will
be compared to measurements made in the existing fluid bed with sodium carbonate as a
bed material. Particles grow due to repetitive coating of the particles and the temperature
difference between the heaters and the bed particles was observed to increase as particle
size increases by Dunaway (2005). By modeling the predicted temperature difference, the
actual difference could also be used as a sign to determine if the particles are larger than
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expected. As particles grow, the fluidization velocity has to be increased to keep the bed
material fluidized.

2.4 Recent Black Liquor Fluidized Bed Research
There has been an increase in interest in fluidized bed black liquor gasification
over the last two decades. The technology was first used in the 1980’s. There have been
numerous difficulties in achieving a fully functional gasifier. Due to these difficulties,
many projects have been discontinued. Georgia Pacific and MTCI have funding through
the DOE to continue research with black liquor gasification. The University of Utah and
BYU have supported both research projects.
Dave Dunaway, a previous graduate student at BYU, has worked on the project
with the University of Utah. He has studied the effects of impurities in the fluidized bed
by introducing potassium chloride into a pure sodium carbonate bed material. These
compounds were chosen because sodium carbonate is the base material for the black
liquor beds and potassium chloride is one of the major inorganic compounds left after
gasification.
The work performed in this thesis is to improve the knowledge of agglomeration
of bed particles and to better understand the mechanisms involved. It was observed that
bed particles that were still coated with carbon did not agglomerate even though they had
the same weight percent of impurities as those studied by Dunaway (2005). Different
percents of carbon content were thought to prevent or inhibit agglomeration.
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3 Experimental Setup and Methods
This chapter describes the experimental setup and procedure for both the fluid bed
and compression test experiments. Several modifications have been made to the reactor
since the tests done by Dunaway (2005) to facilitate cleaning of deposits within the
reactor and to better seal the reactor. The method for testing the compressive strength of
deposits is new to this work and will be described in detail.

3.1 Reactor Hardware
A drawing of the bench scale reactor is given in Figure 3.1. The reactor is 1.143
m (45 inches) tall and has a cross section of 152.4 by 152.4 mm (6 x 6 inches). All the
parts of the reactor frame are made of stainless steel, 316. This steel was chosen by
Dunaway (2005) for its resistance to corrosion as well as its high strength and melting
temperature. Detailed engineering drawings of the reactor can be found in Dunaway
(2005).
A modification to the reactor was done on the heater section. The reactor still uses
four levels of four electrical heaters as shown but instead of mounting the heaters directly
to the frame, a stainless steel panel was fabricated which mounts to the frame and holds
the heaters that entered on that side of the reactor. The heaters are mounted on two
different panels and are sealed to the frame using 0.125 inch thick Grafoil® gaskets.
Pyro-Putty® high temperature sealant is used around the heaters to seal between the
heaters and the metal plate .
21

The image of the reactor on the left is a cut away so that the inside can be seen
where as the one on the right shows the outside panels over the frame. The rectangular
openings on the outside panels were originally designed as windows to observe the
fluidization of the bed material. Due to the difficulty of sealing the windows and due to
heat loss, all but one was covered with stainless steel plates and insulation. The remaining
window, bottom right of Figure 3.1, was still used to observe the fluidization of the bed.
Some of the rectangular holes were also used to facilitate the addition and removal of bed
materials.

Figure 3.1 Fluid bed reactor frame and heaters.
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At the bottom of the reactor there is a distribution plate. This plate has about 150,
1.5875 mm (1/16th inch), holes drilled in it to distribute the fluidizing gas evenly across
the bottom of the bed. A fine wire mesh was also placed over the distribution plate to
prevent the bed particles from falling below the plate. Measurements were made to
ensure that the fluidizing gas was evenly distributed evenly. High temperature sealant
and a Grafoil® gasket were added to properly seal the distributor plate.
There are a total of 13 temperature measurements taken in the reactor. Nine
thermocouples are placed throughout the portion of the reactor where the bed material is
fluidized. One is placed above the bed material to record the gas temperature as it leaves
the reactor. The remaining 3 are heater core temperatures. The location of each
thermocouple is shown below in Figure 3.2 and Figure 3.3.

Figure 3.2 2D view of thermocouple locations.
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Figure 3.3 3D view of thermocouple locations

The eight large circles with thick lines in Figure 3.2 represent cross sections of
heaters. Heaters with a thermocouple embedded in their core are shaded gray. The
smaller circles are holes in the side panels through which thermocouples enter the reactor.
T3, T5, T10, and T6 extend out of the page in the front right image. The distance to
which T3, T5, T10, and T6 extend is shown in the front left image. A three dimensional
view of the thermocouple locations is given in Figure 3.3. For example, T1 is attached to
the upper surface of a one of the top row of heaters near the center of the reactor. T6 is in
the middle of the reactor below the bottom row of heaters. The three heaters with core
temperature measurements (shown in gray) are referred to as T. Heater (top row), M.
Heater (middle row), and B. Heater (bottom row) throughout the paper.
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There are multiple locations along the back right side of the reactor where the
pressure can be measured. The two locations of interest are right above the distributor
plate and above the bed material.

Pressure transducers were attached at these two

locations to observe the pressure drop across the bed. It was assumed that the pressure
drop might change when the bed became defluidized. The position of these transducers,
as well as a rough sketch of the setup of the reactor, is shown below in Figure 3.4.

Figure 3.4 Complete reactor setup.

As shown in Figure 3.4, two different fluidizing gases could be used, air or
nitrogen, by opening the valve to one or the other. A flow meter is inline with the
fluidizing gas to measure the volumetric flow rate. The volumetric flow has to be read
and recorded manually. A pre-heater was used to heat the fluidizing gas as close as
possible to the bed temperature before entering the reactor. The temperature of the gas
exiting the pre-heater varies between 150 and 350°C depending on the flow rate. The
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volumetric flow is converted to a free stream velocity by dividing by the cross-sectional
area of the reactor and multiplying by the ratio of the density change due to an increase in
gas temperature as it passes through the pre-heater.

3.2 Data Acquisition
LabView® was used to collect and write a data file containing temperature,
pressure, and exit gas concentration data. The data were collected every 1-2 sec for the
duration of each test, and the volumetric flow rate was monitored to maintain a constant
free stream velocity. A faster data collection was possible but due to the slow increase of
the temperatures and the length of each test (usually 4 to 5 hours) faster data collection
was unnecessary.
The LabView® program was calibrated to convert the output of the
thermocouples to degrees Celsius and the voltage output from the pressure transducers to
pounds per square inch. A screen capture of the block diagram for the LabView® file is
given in the appendix.

3.3 Agglomeration and Defluidization Detection
The objectives of this research are focused on collecting useful information for
the operation of a fluidized bed. It was anticipated that increasing bed temperature, which
is critical to carbon conversion, would lead to sintering and agglomeration of bed
materials which would produce defluidization and a rapid decay of bed reactivity. A
temperature window for successful operation of the bed was sought as well as an
explanation for the causes of defluidization.
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Quantification of bed defluidization is a difficult task. Three measurements were
investigated as indicators of defluidization: 1. pressure drop across the bed, 2 temperature
measurements in the bed, 3. visual observation of bed behavior.
Pressure drop across the bed proved to be an ineffective measure of bed
deflidization. Air flowing through the reactor seeks the path of least resistance. A
blockage of a path through some portion of the reactor due to agglomeration causes the
air to channel around the blockage with little increase in pressure drop across the bed.
Temperature measurements were an effective indicator of bed defluidization only
if defluidization occurred in the vicinity of a thermocouple. A sudden rise or unusual
behavior of a bed, heater surface, or heater core temperatures was a sign of defluidization
and/or agglomeration. To illustrate this, the temperature data from one of the tests is
shown in Figure 3.5. Only 5 temperatures are shown to simplify the figure: the average
core, surface, and bed temperature as well as the 2 temperatures that deviated from the
average, Temp 2—a surface temparture, and Temp 3—a bed temperature. The sudden
rise of Temp 3 at approximately 258 min (point 1) indicates that a large agglomerate has
formed or that the bed material has defluidized in that region. The sudden rise of Temp 2
at about 270 min (point 2) is another indication that the bed has defluidized or
agglomerated. Determination of agglomeration can only be confirmed by removal of the
bed material. The test was continued until minute 285 when the heaters were turned off
and the flow stopped.
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Figure 3.5 Temperature vs. time plot showing agglomeration points for 0.3% carbon material.

Visual observation proved to be the most reliable indicator of defluidization but is
also the least quantifiable. In this reactor it is possible to observe the fluidization of the
bed through the 6.35 mm (¼ inch) thick glass window. Defluidization in almost any
location resulted in a change to the flow behavior which could be seen in the window.
After cooling, for the test shown in Figure 3.5, the loose bed material was
removed leaving the agglomerates shown in Figure 3.6. The location of the
thermocouples for locations 2, 3 and 7 are shown to illustrate how each one detected the
agglomerates. Temperature 3, the first indicator, is in the middle of an agglomerate and
was the first temperature to increase abnormally. Temperature 2 is measured on the
surface of a heater that is almost completely encased. It is located on the back side of the
heater and begins to rise abnormally at 270 min. Temperature 7 is measured near one of
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the agglomerates but is not covered. Temperature 7 did not show any early signs of
agglomeration even though it was near an agglomerate and was used in the calculation of
the average bed temperature shown in Figure 3.5.

Figure 3.6 Photograph of agglomerates and different temperature locations.

There is an agglomerate in the left side of the photo that does not have a
thermocouple nearby. It is uncertain if this was the first agglomerate which then caused
the following agglomeration to occur. Using the temperature readings as an indication of
agglomeration is accurate only if the thermocouple is relatively close to the agglomerate.
In this example test, defluidization was observed through the window at the same
time the temperature began to increase rapidly. Since the test was allowed to continue, it
is unclear whether agglomeration occurred at the same time. Based on the results of this
test and others producing similar results, a defluidization temperature of 490 °C was
selected. Selecting an agglomeration temperature is more difficult. In many cases, a test
was stopped at defluidization and the bed was cooled and examined but no indication of
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agglomeration was found. This suggests that weak bonds between molecules can cause
defluidization but when the bed temperature drops, the bonds are not strong enough to
keep the material agglomerated. Permanent agglomeration requires a higher temperature.
This temperature was measured by heating the bed longer and looking for agglomerates
in the reactor which remained after cooling.
It should be recognized that defluidization for a period of time will likely lead to
agglomeration because of the reduced heat transfer from the portion of the bed which is
defluidized and the long contact time of the particles which allows sintering at a lower
temperature than if it was fluidized.

3.4 SEM Images
Samples were taken from each bed material and studied using a scanning electron
microscope (SEM). Due to the fragility of samples, they were set in epoxy as described
by Dunaway (2005). Dunaway looked at the bonds between agglomerates of sodium
carbonate with potassium chloride.
After setting the samples in epoxy, they were then polished with sand paper and
1-3 micron diamond paste. The first samples were polished using an extender fluid to
increase the effectiveness and life of the sand paper and diamond paste. The extender
fluid was found to dissolve and therefore destroy the samples. A second set of samples
was prepared without the extender fluid. The samples were then mounted to aluminum
stubs with carbon tape and coated with a thin layer of gold to make them conductive, as
required by the SEM, but still allow X-ray analysis of the particles.
Three different types of images were taken of each sample. The first type is a
secondary electron image. These images show the shape and texture of the sample. The
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second type is a backscatter electron (BSE) image. This image is obtained by detecting
electrons that are released from the sample as it is bombarded by the electron beam of the
SEM. When the electrons in the beam come in contact with an atom in the sample, one
or more of the electrons is released. These electrons have an energy associated with the
orbit from which they came. Higher atomic number (heavier) atoms release an electron
with more energy than a lower atomic number atom. This can then be seen in the image
by a different brightness. . The backscatter image does not show what elements are
present, it only shows that there are elements of varying atomic number. Where the
higher atomic number elements are, the brighter (whiter) the pixel is in the image. For
example, if the sample was half carbon (low atomic number) and half gold (much higher
atomic number), the BSE image would have two different grayscales, white and dark
gray, representing gold and carbon respectively.
In order to know what elements are present in a sample and their location, the
third type of image is needed. This type is called an x-ray elemental spectrum map. The
SEM analyzes the sample pixel by pixel and determines what elements are present and
their respective concentrations. This is done by measuring the energy of every electron
detected and comparing the energy to know electron energy levels. The software then
creates an image for each element separately. The location and concentration is shown
by the brightness of each pixel, the higher the concentration, the brighter the pixel.

3.5 Compression Tests
In order to develop a model of sintering for the bed materials a comparison
between the bonding strength of sintered particles and the dynamic forces required to
break bonds was sought. Bed materials were placed in a crucible and heated to a specified
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temperature after which the bond strength between the particles was measured by a
compression failure test. The force on the sample at failure was related to the bond
strength between particles. An increase in compression force at failure was expected with
an increase in the temperature of the exposed sample as shown in Figure 3.7. It was
expected that as temperature increased, a sharp increase in the sintering force would be
observed which would identify the sintering temperature. It was also anticipated that the
measurement of the sintering temperature would be complicated by the contact or soak
time of the bed material at a given temperature. The longer two particles are in contact or
in this case the longer the soak time, the lower the expected sintering temperature. The
force at the sintering temperature could then be compared to the dynamic forces present
in the fluid bed. The discussion below explains how the compression tests were made,
how the force on the sample at failure is related to the bond strength between particles
and how the dynamic force between particles in the bed can be calculated.

.
Figure 3.7 Theoretical force-temperature curve (solid black) with collision force (solid gray).
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The collision of two spheres has been studied in detail with the theory of
elasticity. Equations have been derived and are given below (Equation 3.1-Equation 3.5
(Compo, 1987)). The collision force is calculated using the mass (m1 and m2), diameter
(da1 and da2), and modulus of elasticity (E) of each particle as well as the relative velocity
(V) between particles.

F = nα

n=

3

2

8
9π 2 ( k1 + k2 )

2

Equation 3.1

d a1d a 2
d a1 + d a 2

⎛ 1.25V 2 ⎞
α =⎜
⎟
⎝ n⋅m ⎠
m=
k=

Equation 3.2
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Equation 3.3

m1 + m2
m1m2

Equation 3.4

1−υ 2
πE

Equation 3.5

The equipment used to measure the compression strength is shown below in
Figure 3.8. A stepper motor with direction and speed control was used to turn a gear and
rotate a threaded shaft. A force transducer is attached to the end of the shaft to measure
the compression force. As the shaft turns, the transducer moves and applies a load to
each sample until the sample fails and crumbles. The transducer that was used is a 25lb,
Transducer Techniques, load cell (model MDB-25).

The data recorder is a laptop

equipped with LabView® and a Texas Instrument® data acquisition box.

33

Figure 3.8 Experimental setup for compression tests.

The measured force is for the entire sample where as the collision force is an
inter-particle force. In order to compare the compression force with the collision force, it
needs to be an inter-particle force. Given the measured compression force, the interparticle force is calculated using Equation 3.6 (Compo, 1987). This force depends on the
diameter of the sample (Ds), the average size of the particles (Dp), the void fraction (ε),
and the compression load (L).

Fp =

4ε Dp2 L

π (1 − ε ) Ds2

Equation 3.6

Some samples are much stronger than others due to the orientation of the particles
and the variance in the particles’ sizes. To decrease the variance in the compression
strength, the particles were sifted to obtain particles ranging from 120-350 microns in
diameter. This particle size range was chosen for two additional reasons. First, smaller
particles should have a higher compression strength due to the increased surface contact.
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Second, this allowed the mean particle size to be approximately the same as the bed
material used.

3.6 Heat Transfer Model
The objective of the heat transfer model is to predict the temperature difference
between the heater surfaces and the bed material. Data will be collected to measure the
heat transfer coefficient in our reactor. The measured heat transfer coefficient will then
be compared to existing correlations to create an accurate model.
From the first law of thermodynamics, assuming steady-state operation, and by
drawing a control volume around a single heater (see Figure 3.9), the rate of heat transfer
out is equal to the electrical power supplied to the heater. Assuming also that conduction
and radiation are much smaller than convection to the bed material, the convective heat
transfer can be set equal to the power input to the heater as shown in Equation 3.7. By
assuming the emissivity of the heaters to be 0.2, the bed temperature to be 600°C, and the
temperature difference between the bed material and the heaters to be 20°C, the radiation
heat transfer coefficient can be approximated by Equation 3.10 to be 30 W/m2 compared
to 500-900 W/m2 for convection. Conduction is small due to the very small contact area
and contact time between the particles and the heater surfaces as long as there is no
agglomeration.
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Figure 3.9 Control volume of a single heater

W&in = IV = hconv A(Tsur − Tbed )

(
W&in =
hconv =

IV Δt )on
ttot

W&in
A(Tsur − Tbed )

hr = 4εσ Tm3

Equation 3.7
Equation 3.8

Equation 3.9
Equation 3.10

The power to the heaters is supplied intermittently as required by the controller.
Since there is no phase difference between the voltage and current the steady power
supplied to the heater is simply the product of the current and voltage averaged over the
time that the heaters are actually on. The electrical power (Win) was measured to be 2.2
kW (20 Amps(I) at 110 Volts(V)) while it is on and 0 kW when it is off. The length of
time the heaters were on (Δton) was measured from recorded data from each test as the
time during which the surface temperature of the heaters was increasing.
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Figure 3.10 Control volume including the bed material and fluidizing gas.

Using basic thermodynamics, and a different control volume, the heat transfer
coefficient could be used to predict the temperature difference between the heater
surfaces and the bed material. After determining if one of the existing models can be
used to calculate the heat transfer coefficient, the temperature difference can be
calculated and compared to the data collected using Equation 3.13. Heat transfer through
the walls of the reactor was neglected in the derivation from Equation 3.11 to Equation
3.13. This comparison will allow industry to monitor the size of the particles in the
fluidized bed and modify the reactor’s operation accordingly.

Q& in = m& C p , f (Tb − Tinlet )

hAs ΔTs − f =
ΔTs − f =

Pf
R f Tb

Equation 3.11

uAc C p , f (Tb − Tinlet )

Pf u Ac
1⎛ T
C p , f ⎜⎜1 − inlet
R f As
h⎝
Tb
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⎞
⎟⎟
⎠

Equation 3.12

Equation 3.13
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4 Results and Discussion
There are many different results from the experiments performed in the bench
scale fluid bed reactor including visual observations of fluid flow and defluidization that
are useful in understanding how a fluidized bed performs. These observations also
demonstrate the need for the reported work. These observations are followed by the
results of defluidization temperature from the agglomeration tests performed in the
reactor, the SEM images, the compression tests, and finally the heat transfer model.

4.1 Fluid-bed Observations
There are a few observations about the particle flow of the reactor that are notable
and important to understanding some of the results to be presented later. Particles follow
the flow pattern shown in Figure 4.1. Particles in the center rise with the bubbles that are
formed and rise up through the majority of the reactor except for a thin layer near the
walls where particles on the outside edges slowly fall. Bubbles contribute to the mixing
and fluidization of the bed particles. Compression and expansion waves also contribute to
the fluidization of the bed. These waves have been described in detail by Dunaway
(2005) and act similar to an accordion. During a compression wave, the pressure
increases and acts like a buoyant force suspending falling particles for a short period of
time. As bubbles pass through the center of the bed, they compress the suspended
particles allowing them to come into contact at very low velocities, see Figure 4.1.
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Figure 4.1 Particle flow (left) in the reactor and compression and expansion waves (right).

During periods of defluidization the typical flow pattern becomes disrupted. The
combination of the bubbles and compression waves cause a higher relative motion of
particles in the majority of the bed allowing those particles to break apart, but material
near the walls, above the heaters and in corners is more stagnant and appears to be the
first to defluidize. As the particles near the wall defluidize, the fluidized region in the
center becomes progressively smaller until the air / N2 mixture begins to channel
producing rapid columns of gas flow through the particles which eventually leave the bed
completely defluidized.
When defluidization along the walls and particles were observed to cover the
window as bed temperature was increased, the bed temperature could be decreased and
the bed would refluidize. This could not be achieved by increasing or decreasing the bed
flow rate at the higher temperature. If flow to the bed reactor was stopped at a point when
defluidization was first observed, and the bed allowed to cool, the majority of the bed
material would flow freely out of the reactor when a window was removed. The material
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remaining in an agglomerate could be classified by two different types: 1. Weakly
bonded friable material or 2. Sintered and agglomerated deposits. If all of the material
was friable, the temperature was described as producing defluidization but not
agglomeration. If the deposits needed to be broken-off or dissolved from a heater or wall
surface, it was classified as agglomerated and the temperature which produced the
deposit was considered an agglomeration temperature.
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Figure 4 .4.2 The pressure drop across the reactor bed when it is fluidized.

There is a pressure drop across the bed of a reactor that is associated with flow
through the particles that is characteristic of all fluidized beds. The pressure drop will
rise linearly as the fluidized gas flow increases until the gas reaches the minimum
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fluidization velocity. Beyond the minimum fluidization velocity, the pressure drop stays
constant even though the gas velocity is increasing. If there are leaks in the walls of the
reactor, the pressure drop continues to increase instead of leveling off as mass flow is
increased. Attempts to measure agglomeration using the pressure drop across the bed
were not successful as the bed would defluidize by visual observation even though the
bed pressure drop did not change significantly.
The next images, Figure 4.3 through Figure 4.9, were taken during a 0.3% carbon
test. They represent the re-fluidization of the bed material. In each image, bubbles are
circled to show where the bed is and is not fluidized. The brackets on the sides of the
images help give an idea of the size of the fluidized region. The first three images show
that the bubbles do not go past the second bracket from the bottom. The fourth, however,
does extend past the second bracket. The fifth and sixth extend all the way to the top of
the window but there is still a small region on the right side about two-thirds the way up
that has not fluidized.

Figure 4.3 First re-fluidization image.

Figure 4.4 Second re-fluidization image.
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Figure 4.5 Third re-fluidization image.

Figure 4.8 Sixth re-fluidization image.

Figure 4.6 Fourth re-fluidization image.

Figure 4.9 Seventh re-fluidization image.

Figure 4.7 Fifth re-fluidization image.
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4.2 Agglomeration Temperature Tests
Results for the fluid bed defluidization tests are shown in

Table 4.1 for each of

the bed materials. Temperature of the bed was recorded when defluidization or
agglomeration occurred as described above and as noted in the table. In some cases, the
reactor reached a maximum temperature without defluidization in which cases, the
maximum temperature is recorded. Comments in the table explain what the material was
like after emptying the reactor or why the test was stopped at the maximum temperature
achieved.

After the reactor was remodeled, as described in the experimental setup

section, and the leaks fixed, the defluidization and agglomeration temperatures were
repeatable. The defluidization temperature is the bed temperature where the first sign of
defluidization was detected. The agglomeration temperature is the temperature where a
heater surface or core temperature deviated from its usual path as described in the
methods chapter. The results from

Table 4.1 were used to summarize the defluidization

temperatures for each material reported in Table 4.2. Several of the tests were performed
in order to obtain data for the heat transfer model discussed later in this chapter. These
heat transfer tests do not have a defluidization or agglomeration temperature since they
were not heated to a high enough temperature. A temperature plot for each test is given in
Appendix A by date as well as a particle size distribution plot if agglomeration was
detected to determine if the particle size changed.
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Table 4.1 Summary of fluidized bed tests performed
Date

Material

Max
Temp

Defluidize

Agglomeration

5-13-05

0.3%
Carbon

400°C

Yes

No

6-10-05

0.3%
Carbon

480°C

Yes
450°C

No

6-15-05

0.3%
Carbon

480°C

Yes
450°C

No

7-1-05

0.3%
Carbon

500°C

Yes
(signs
at
490°C)

Yes

5-26-05

2%
Carbon

480°C

Yes
460°C

Yes

6-7-05

2%
Carbon

480°C

Yes
465°C

No

6-22-05

2%
Carbon

600°C

Yes

Yes
530°C

6-01-05

17%
Carbon

652°C

No

No

9-8-05

17%
Carbon

660°C

Yes

Yes
650°C

5-20-05

Na2CO3

560°C

Yes
550°C

Yes
(some on
heaters)

5-24-05

Na2CO3

Bed510°C
T3 –
620°C

Yes

Yes
(some on
heaters)

6-17-05

Na2CO3

450°C

No

No

6-28-05

Na2CO3

557°C

Yes

Yes
(some on
heaters)

6-29-05

Na2CO3

463°C

No

No

7-27-05

Na2CO3

350°C

No

No

7-28-05

Na2CO3

520°C

Yes
490°C

No

8-05-05

Na2CO3

400°C

No

No

Comments
No significant agglomeration was observed, but there
were large stagnant regions where the material began
to cake.
No agglomeration but there was a great deal of defluidization in the bed material shown in the graphs of
the temperatures
There were significant fluidization problems through
out the test and the test was ended early due to a lack
of nitrogen.
The heaters and flow were both turned off to see if
particle size would increase due to caking at a high
temperature. No growth was detected.
Significant agglomeration along the entire length of
one heater. We believe that the agglomeration is due
to fluidization problems and leaks because there were
many leaks found the next day.
No agglomeration but there was a great deal of defluidization in the bed material shown in the graphs of
the temperatures
TOne of the surface temperatures shot up at 530°C
but then dropped and stayed close to the other surface
temperatures.
The test was stopped due to lack of nitrogen and the
reactor had almost reached its maximum temperature.
There were some early signs of defluidization.
Two temperatures spiked and it some defluidization
was observed through the side window. No
agglomerates were found nor any caked areas.
No agglomeration took place but the bed became
difficult to fluidize. The material was discolored:
Gray and white particles when it started as an off
color white.
No agglomeration but there was difficulty in
fluidizing it. The material was discolored: Gray and
white particles when it started as an off color white.
This test was run at steady state at multiple
temperatures to collect data for the heat transfer
model. It was not heated to a high enough
temperature to agglomerate
This test was run at steady state at multiple
temperatures as well. This test however was heated
high enough to detect defluidization and
agglomeration.
This test was run at steady state at multiple
temperatures. It was not heated to a high enough
temperature to agglomerate
This test was run to steady state at multiple
temperatures
This test was also run to steady state at multiple
temperatures as well. This test however was heated
high enough to detect defluidization.
This test was also run to steady state at multiple
temperatures
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Table 4.2 Agglomeration and defluidization temperatures.
Material
Na2CO3
0.3% Carbon
2% Carbon
17% Carbon

Defluidization Temp
~520°C
450°C
460°C
Not available (>652°C)

Agglomeration Temp
Not available
490°C
530°C
Not available (>652°C)

Figure 4.10 is a graphical representation of the data in Table 4.2 and shows how
the agglomeration and defluidization temperatures are affected by carbon content and bed
material. Defluidization occurs at a lower temperature in the two low carbon content bed
materials (0.3% and 2%) than the pure sodium carbonate (0% carbon content). The high
carbon content material (17%) did not defluidize up to 650°C. In the absence of carbon,
the bed materials would be expected to sinter at a lower temperature than pure sodium
carbonate because of the impurities present. A reduction of sintering temperature due to
KCl was shown previously by Dunaway (2005). The increase in defluidization
temperature at high carbon content was expected given the experience in field and pilot
scale testing. A discussion of reasons for the change in sintering temperature will
continue after the presentation of SEM images of the bed particles.
The defluidization temperature is lower than the agglomeration temperature in
each case the two were measured. This is consistent with the observations in the reactor
that a bed which defluidized could be refluidized by lowering the bed temperature. The
temperature at which the particles would begin to bond and cause fluidization problems
occurred before particles became attached to surfaces with bonds strong enough that they
remained after cooling. This suggests that the defluidization was occurring over a
significant volume in the bed where flows were slower, not in a localized region of high
temperature. While the defluidization temperature was approximately the same at 0.3 and
46

2% carbon, the agglomeration temperature increased by 40°C for the 2% carbon in
comparison to 0.3% carbon particles. This is further indication that carbon inhibits
sintering.
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Figure 4.10 Defluidization and agglomeration temperatures versus carbon content in the bed material.

4.3 SEM Findings
In order to understand the bonds formed by agglomerates and the effect of
different elements on the sintering temperature, SEM images of the bed particles were
obtained. The carbon concentration had a substantial impact on the agglomeration
temperature; therefore, the three different pilot bed materials were studied in more detail.
Each material was tested in the reactor to find the agglomeration temperature and then
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two different samples where taken. One sample, from each carbon concentration, was
taken from the loose material left in the reactor and one was taken from a large
agglomerate in the 2% carbon pilot material.
Figure 4.11 through Figure 4.13 are the same particle cross-section of an
agglomerate of the 2% carbon content, pilot bed material. Figure 4.11 is a high quality
304x magnification backscattered electron (BSE) image while Figure 4.12 and Figure
4.13 are x-ray elemental maps of the same particle. The dark gray rings in the BSE
images are the layer of the lower atomic mass particles while the light gray areas are high
atomic mass materials. Correlating Figure 4.11 with the x-ray images (Figure 4.12 and
Figure 4.13) shows the low atom mass (dark) areas contain carbon (C), potassium (K),
and chlorine (Cl). The light gray areas of the image are the heavier materials, Na, O, and
Ca. The white specs are the heaviest element, silicon (Si). Both the backscatter and x-ray
maps show a well defined layer of C, K, and Cl on the outside edge of each particle. This
layer is present on all the particles shown in the figures except where the particles have
become indistinguishable from each other, i.e. one solid mass as is exemplified by the
oval region in the top right of Figure 4.11. It is in these regions that the particles have
sintered forming a single particle.
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Figure 4.11 BSE image of the cross-section of a 2% pilot bed particle received from UofU.

As mentioned above, Figure 4.12 and Figure 4.13 are elemental x-ray maps of the
particle in Figure 4.11 but Figure 4.12 has had the brightness increased so that the
location of each element can be more easily determined; while, in Figure 4.13 the
brightness is relative to the respective concentrations. Light areas are where the element
is detected and dark areas indicate the element is not found. Both figures show a
concentrated layer of C, K, and Cl on the outer surface of the particles. This layer can
also be seen by the lack of Na and O in those regions.
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Figure 4.12 Elemental map created using X-ray analysis on an ESEM to show the location of elements.

Figure 4.13 Same elemental map as Figure 4.12 but brightness corresponds to %weight concentrations.

A consistent observation was that where the particles had sintered and formed
solid bonds (top right Figure 4.11 through Figure 4.13) the layer of carbon, potassium,
and chlorine had disappeared. It is unknown whether the concentrations were low for
these elements near the surface causing them to bond or if the bond forms and then
causes the material to oxidize or transport to another location.
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Figure 4.14 250x BSE image of 2% carbon agglomerated particles illustrating the thin outer layer.

No thin layer

The thin layer
extends into the
bond but stops
part way.

Figure 4.15 250x BSE image of 2% carbon agglomerated particles that are beginning to sinter.
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Figure 4.14 and Figure 4.15 are additional images to show the dark layers forming
a shell around the particles which are assumed to be carbon, potassium, and chlorine.
Figure 4.14 shows the dark layer between the particles that appear to be beginning to
sinter. Figure 4.15 also shows a particle with a relatively thick layer surrounded by
particles without a dark outer layer. The particles in the top right and two left corners
appear to have completely sintered together with very little signs of carbon. The large
particle in the center is attached to a particle on the top side with a portion of the dark
layer gone where the two are connected. It appears that the particles are joined first by
the layer of C, K, and Cl. The layer then diffuses or gasifies to leave a solid bond
between them. This was observed by looking at different agglomerated particles. The
images are not of the same particles nor sequential in time and so these observations are
speculative but supported by the lack of carbon in the interior of the low carbon content
particles.
The previous images were all taken of particles that had agglomerated.

To

compare the three different pilot bed materials, images were also taken of particles that
had not agglomerated. Something to note is that Figure 4.16 through Figure 4.18 were not
all taken using the same SEM, nor under the same contrast and brightness settings. These
settings had to be adjusted for each sample to obtain a quality image. Figure 4.16 is a
backscattered image from 0.3% carbon particles. On these particles, no layers of carbon,
potassium and chlorine were found. The contrast and brightness had to be increased to
highlight any difference in the particle composition. The need to adjust the contrast and
brightness so much implies that the C, K, and Cl concentrations are very low. The dark
spots are empty pockets, and the gray spots contain small amounts of C, K, and Cl.
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100μm
Figure 4.16 200x BSE image of 0.3% Carbon content particles

Figure 4.17 350x BSE image of 2% Carbon content particles.
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Figure 4.17 is another image from 2%, carbon bed material. The same features
occur in this image as the 2% images above. A thin dark layer surrounds the particle
which is rich in carbon, potassium, and chlorine. Dark swirling regions containing carbon
also exist within the particle indicating incomplete burnout. Bright pieces of material are
seen scattered across the surface of the image. These bright spots are silicon and are
thought to be left over from the sand paper and diamond paste used to polish the samples.

100μm
Figure 4.18 200x BSE image of 17% Carbon content particles.

Figure 4.18 shows an image of the pilot bed material with 17% carbon remaining.
These particles contain the thickest dark layers outside and within the particles indicating
more carbon content. In comparison with the 0.3% carbon particles, 17% carbon particles
have dark swirling regions containing carbon while the 0.3% carbon particles have void
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areas. The images suggest that the outer layer becomes thinner as the particles are
gasified and that oxidation of the carbon within the particle occurs removing the carbon,
potassium, and chlorine in the center and leaving void areas.

4.4 Agglomeration Compressive Strength Tests
The force transducer was calibrated and tested for measurements within the range
of the compression forces expected. Figure 4.19 shows the measured force for a given
weight that was applied to the transducer.

0.8
0.7

Measured Force (N)

0.6
0.5
0.4
0.3
0.2
0.1
0
0

0.1

0.2

0.3

0.4

0.5

0.6

Weight (N)
Figure 4.19 Force transducer measured values for a given weight.
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Figure 4.20 Actual transducer error in measuring small forces

The force transducer is accurate within 0.002 lbs as shown in Figure 4.20 which
shows the difference between the measured and applied force. The x-axis is the weight
of the object placed on the transducer, and the y-axis is the error in the measured force.
These compression tests were performed to determine the minimum force
required to break apart a sintering bed particle and keep the bed fluidized. As mentioned
above, it was observed that defluidization and agglomerates repeatedly occurred on the
tops of heaters and in the vicinity of leaks. Particles are assumed to reside on the top of
the heaters and eventually stick. Also, near leaks, the particles are entrained in the flow
exiting the reactor and pushed together encouraging agglomerate formation. Currently an
arbitrary probability of forming agglomerates is used in fluidized bed models. In
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combination with a model that predicts the velocity of particles in the bed, the data shown
below will be used to improve the ability to predict if two particles will agglomerate.

4.4.1 Pure Sodium Carbonate
Figure 4.21 shows the average compression force on the force transducer required
to break the sodium carbonate samples as a function of oven temperature. The error bars
represent a 95% confidence interval for the compression force. Approximately 40
samples were tested at each temperature point. The first rise in agglomerate strength is
between 450°C and 500°C, which corresponds with the temperature range where it was
difficult to keep the bed fluid. The defluidization temperature reported in Table 2 from
the fluid bed experiments for pure sodium carbonate is 520 °C which corresponds to the
second sudden increase in agglomerate strength between 525°C to 550°C. No
agglomeration was observed in the fluid bed in these experiments for the pure sodium
carbonate but Dunaway (2005) reported an agglomeration temperature of 520 °C, the
same as the defluidization temperature measured here; however, some agglomeration was
detected on the surface of the heaters. The leaks that were found in the reactor could have
caused more agglomeration in Dunaway’s tests.
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Figure 4.21 Max compression force vs. baked temperature for pure Na2CO3.

4.4.2 Sodium Carbonate with Potassium Chloride
Figure 4.22 shows the average compression force required to break the sodium
carbonate samples with the presence of potassium chloride. Approximately 40 samples
were tested at each temperature point. The x-axis is the temperature at which the samples
were baked and the y-axis is the compressive force at which the sample failed. The first
rise in agglomerate strength is between 450°C and 475°C. The agglomeration
temperature reported by Dave Dunaway for this material is 470°C which corresponds to
the first rise. There is also second sudden increase in agglomerate strength from 525°C to
550°C.
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Figure 4.22 Max compression force vs. baked temperature for Na2CO3 with 2% KCl by weight.

The potassium chloride and sodium carbonate mixture did not have a higher
compression strength than the pure sodium carbonate contrary to what was expected.
This is possibly caused by the fact that the KCl did not have the opportunity to coat the
sodium carbonate particles as it would have in the fluidized bed. Since the particles were
not coated, there were regions of high and low concentrations of KCl which would not
give the samples a uniform strength. The weaker bonds, pure sodium carbonate, would
fail first giving the impression that the samples have the same strength.

4.4.3 Carbon Coated Particles
Figure 4.23 shows the average compression force required to break each pilot bed
material sample. Approximately 25 samples were tested at each temperature point. The
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x-axis is the temperature at which the samples were baked and the y-axis is the
compressive force at which the sample failed. Both the 0.3% and 2% materials had a
significant increase in agglomerate compression strength between 450°C and 500°C. The
17% did not have a significant increase in compression strength.
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Figure 4.23 Max compression force vs. baked temperature for pilot bed particles

4.4.4 Collision Force
The collision force of two particles can be determined using Equation 3.1 through
Equation 3.5. Since the modulus of elasticity of sodium carbonate is not known, the
values of materials similar to it were chosen and used in the collision force calculations.
A parametric study of predicted collision force varying the modulus and collision
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velocity is shown in Figure 4.17. The figure demonstrates that the modulus has little
effect on the collision force while the collision force is highly dependent on the collision
velocity.. Both the collision force and inter-particle force figures have been plotted with
the same force scale for easy comparison.
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Figure 4.24 Collision force for two 250 micron particles with a different modulus of elasticity.
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Figure 4.25 Collision force for different sized particles.

The sizes of the particles involved were also found to have a strong impact on the
collision force as shown in Figure 4.25. A modulus of elasticity of 60 GPa was used in
the calculation of the forces in Figure 4.25. A larger modulus of elasticity would slightly
increase the slope of each graph as shown in Figure 4.24. The presence of a small
particles in a collision greatly decreases the collision force. This is illustrated by the 350
and 350 micron particles versus the 350 and 150 micron particles. At a velocity of 0.01
m/s, the 350 and 350 micron collision has an impact force of approximately 4.0E-4 N
where as the 350 and 150 micron collision has an impact force of 1.0E-4 N, one fourth of
the collision force.
Some of the other parameters used to calculate the collision force in the previous
figures are uncertain but the uncertainties produce differences in collision force which are
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not as significant in comparison to those shown. The parameters that influence the
collision force in order of importance are: size, velocity, particle density, modulus of
elasticity, and Poisson’s ratio. The modulus of elasticity and Poisson’s ratio are the most
uncertain but also have very little impact on the outcome of the results shown in the next
section. The particle sizes are known within a range allowing the necessary velocity to
break two agglomerates to be estimated.

4.4.5 Compressive and Collision Force Comparison
The inter-particle forces of all tested bed materials are shown below in Figure
4.26. The 0.3% and 2% materials have similar compression strengths in Figure 4.23. The
inter-particle force on the other hand is different due to a difference in the mean particle
size.
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Figure 4.26 Inter-particle compression force for each tested material.

63

Based on the measured bed temperature and measured inter-particle forces,
agglomeration occurred in our reactor for inter-particle forces between 2.0E-4 and 3.0E-4
Newtons for all of the materials. A horizontal line has been drawn on Figure 4.26
representing a collision force of 2.5E-4 Newtons. This line intersects each material at
approximately the same temperature where agglomeration was observed and the values
are shown in Table 4.3. The corresponding collision velocity for the mean particle size of
250 microns is approximately 0.012 m/s. This collision velocity corresponds to about
2.5% of the free stream velocity. For all three of these materials, the free stream velocity
was the same, 0.39 m/s (1.3 ft/s).
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Figure 4.27 Comparison of measured and predicted agglomeration temperature.
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16

18

Table 4.3 Temperature at 2.5E-4N collision force
Material
Temperature at 2.5E-4N
Sodium Carbonate
540ºC
Sodium Carbonate w/ KCl
540ºC
0.3% Carbon
455ºC
2% Carbon
500ºC
17% Carbon
685ºC
If the free stream velocity is increased, the agglomeration temperature should also
increase since the collision force would likely increase as well. Sodium carbonate was
fluidized with two different free stream velocities until agglomeration. The results are
shown in Table 4.4 and show that by changing the free stream velocity, the defluidization
temperature can also be changed.

Table 4.4 Effect of flow of on defluidization temperature.
Free Stream Velocity
Defluidization Temp
0.305 m/s (1 ft/s)
520 °C
0.488 m/s (1.6ft/s)
560 °C

4.5 Heat Transfer Model
Heat transfer data to determine the heat transfer coefficient were collected for 2
different particle sizes (200 and 300 μm) at various temperatures as described in the
method section. The measured heat transfer coefficients are shown in Figure 4.28 and
Figure 4.29 and are compared to three heat transfer coefficient models in the literature.
Some temperatures were repeated with the data is shown in Figure 4.28 and Figure 4.29.
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Figure 4.28 HT Model predictions versus bed temperature for 300 micron particles.
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Figure 4.29 HT Model predictions versus bed temperature for 200 micron particles.
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The bed temperature was found to have little effect on the measured heat transfer
coefficient, h. Particles with a diameter of approximately 300 microns have a heat
transfer coefficient between 450 and 550 watts per meter squared. Those with a mean
diameter of 200 microns range between 800 and 850 watts per meter squared. It seems
intuitive that smaller particles will produce a higher heat transfer coefficient as they
would be expected to have more contact area with the heater surfaces and more surface
area from which to transfer heat. The heat transfer coefficient was also calculated using
the three different models discussed in the literature review. Vreendenberg’s correlation
for coarse particles is a strong function of temperature due to the dependence on the fluid
density and viscosity which are both functions of temperature. Vreendenberg’s fine
particle and Borodulya’s correlations are not as dependent on bed temperature and seem
to have a shape similar to the data.
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Figure 4.30 Effect of particle size on the heat transfer coefficient at 200°C.
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320

Figure 4.30 and Figure 4.31 show heat transfer coefficient for the data points and
the three different correlations versus particle size. A different bed temperature was
chosen for each figure to show not only the dependence on particle size but also on
temperature. The Vredenberg coarse and Borodulya models are dependent on particle
size whereas the fine model is not. The Vreendenberg correlation for fine particles, under
about 100 microns, is independent of particle size and over predicts the heat transfer
coefficient for both sizes measured since the particles are larger than those used to
develop the model. Vreendenberg’s correlation for coarse particles passes through the
data at 200°C (Figure 4.30) but over predicts it at 400°C (Figure 4.31).
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Figure 4.31 Effect of particle size on the heat transfer coefficient at 400°C.
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Both the Vreendenberg fine and Borodulya correlations fit the data well in one
aspect or another and so a ratio was introduced to the fine correlation and a constant to
Borodulya. The ratio that was introduced to the Vreendenberg’s fine model was a ratio
of 180 micrometers to the actual mean diameter (Equation 2.2) and the constant added to
Borodulya’s was a multiplication of 0.7, a 30% reduction in the calculated values
(Equation 2.5). The addition of the ratio of the particle diameter to 180 micrometers
helps capture the dependence of the particle diameter that is not present in the original
correlation. Vreendenberg developed the correlation based on smaller particles than
those used in fluidized beds. The 30% reduction of Borodulya’s correlation is within the
scatter of the data he used to develop his correlation. These two changes (boxed in
Equation 4.1 and Equation 4.2) allow the predicted heat transfer coefficient to match the
data as a function of particle size and temperature as shown in Figure 4.32 and Figure
4.33.
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Equation 4.1
Modified Equation 2.2

⎞
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Equation 4.2
Modified Equation 2.5
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Figure 4.32 Modified heat transfer coefficients versus bed temperature.
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Figure 4.33 Modified heat transfer coefficients versus particle size.
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The modified Vreedenberg correlation for fine particles was used to calculate the
expected temperature difference between the bed and heater surface using Equation 3.11.
The predicted and measured temperature differences for the 6/28/05 test are shown in
Figure 4.34. There is a nice agreement between the two.
One of the potential uses of the model and heat transfer coefficient would be the
prediction of particle growth within the bed. The data show that particle growth should
decrease heat transfer and therefore increase the temperature difference between the bed
and the heaters, both of which can be measured, but this temperature difference is also a
function of the mass flow rate of the fluidizing gas and other boundary conditions. Figure
4.34

shows for example that the difference in the bed and heater temperatures is

increasing with increasing bed temperature even though the particles are not growing in
size. Figure 4.35 illustrates what the temperature difference would look like if the
particles were to suddenly grow from 300 microns to 400 microns when the bed reaches
300 ºC. Such a change in diameter would be detected as a clear deviation from the
predicted temperature difference and indicate to an operator that agglomeration of the bed
is occurring.
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Figure 4.34 Heater surface and bed material temperature difference prediction and data.
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Figure 4.35 Predicted temperature difference for a sudden particle size increase at 300ºC
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5 Summary and Conclusions
5.1 Summary
Experiments have been performed which provide important insights and valuable
information related to the operation of a black liquid, fluidized bed, gasifier. A nonreacting gasifier used to make sintering temperature measurements was modified to
improve accessibility and cleanup. The reactor was used to obtain additional sintering
temperatures for sodium carbonate and three pilot bed materials of varying carbon
composition. A static compression test of heated bed materials was developed and results
were compared to those obtained in the fluid bed. The results were used to produce a
model to predict the relative particle velocity required to prevent sintering and a heat
transfer model useful for monitoring bed behavior.
Improvements to the fluid bed reactor included the following. Two of the side
panels were redesigned and replaced so that the heaters could be removed and cleaned
more easily. Pressure transducers were recalibrated and positioned to directly measure the
pressure drop across the bed rather than calculating this value from two measured
pressure drops. The measurement locations were changed to measured the pressure
difference across the frit and the pressure difference across the combined frit and bed.
Numerous leaks were repaired throughout the reactor and the pressure was measured to
demonstrate classical pressure drop as a function of bed flow rate behavior. Each of these
modifications improved measurement accuracy and bed repeatability.
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Four materials were tested for defluidization and agglomeration temperature in
the reactor: sodium carbonate (Na2CO3) and three other materials removed from a pilot
scale facility where actual used bed material had been oxidized to various levels of
carbon concentrations, 0.3%, 2%, and 17%. The 0.3% and 2% carbon materials were
found to defluidize at relatively low temperatures, but after stopping the tests the material
were not agglomerated. Multiple tests were performed to determine and repeat the
defluidization temperature and to produce agglomeration. The 0.3% carbon material was
tested four times and has an agglomeration temperature of 490°C. The 2% carbon
material was tested three times and has an agglomeration temperature of 530°C. The 17%
carbon material was tested only once and did not defluidize or agglomerate up to a
temperature of 652°C. This temperature is the limit of the reactor and so the
agglomeration temperature was not discovered. The agglomeration temperatures
measured by Dunaway (2005) are equivalent to the defluidization velocity reported here.
For each material, there was no agglomeration at the defluidization temperature.
The material would “cake” together at the defluidization temperature; but after cooling,
was completely friable and returned to the original size distribution. It was also observed
that after a material had reached the defluidization temperature it could be refluidized by
cooling the bed material. A cycle of defluidization, refluidization, and defluidization
could be achieved by heating, cooling, and then reheating the material. Heating beyond
the defluidization temperature created agglomerates on the surface of the heaters. Leaks
in the reactor influence defluidization temperature. When significant leaks occurred, the
defluidization temperature was lower. The data reported in Table 4.2 are for cases where
leakage was negligible. Pietsch (1991) stated that at about two-thirds of the melting
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temperature fluidization gets difficult due to partial melting and mass diffusion. This
agrees with the sodium carbonate tests that have been performed. Sodium carbonate has a
melting temperature of 854°C and at two-thirds of the melting temperature (about 520°C)
it becomes difficult to fluidize the bed material. The agglomeration temperature was also
measured for sodium carbonate at two different bed velocities and found to increase with
increasing velocity.
Black liquor coated particles of three different carbon content percents (0.3, 2,
and 17) were cross-sectioned and images where taken. The images suggested two
different types of bonds between the particles. There is a weaker bond that is formed
from the C, K, and Cl shell which eventually is gasified leaving a stronger bond
consisting of the same composition as the particles themselves.
Bed particles were tested for agglomerate strength under static conditions. All
three materials had a temperature range where the bond strength increased dramatically
which corresponds to the agglomeration temperature that was determined by the fluidized
bed. The coated material had a greater bond strength at lower temperatures than the other
two materials hence a lower agglomeration temperature.
In addition to the agglomeration tests, measurements of the bed heat transfer
coefficient were made to allow predictions of trends and expected values in the
temperature difference between the heater surface and the bed temperatures. The heat
transfer coefficient was measured to be independent of temperature but increased with
decreasing particle size. None of the existing models were able to predict both of these
trends, therefore, the Vreedenberg (1958) fine model was modified to add a size
dependence and used to describe the dependence on velocity, density etc.
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5.2 Conclusions
From the data and discussion, the following conclusion can be obtained which
were not known or understood prior to the experiments.
1. Alkali salts such a K and Cl appear to reduce the defluidization temperature of
fluid bed materials by lowering the melting temperature and bonding on the surface of
particles. The higher the content of K and Cl, the lower the defluidization temperature.
2. Increasing the fluidization velocity causes the defluidization temperature to
increase.
3. Carbon protects particles from agglomeration, allowing the bed to remain
fluidized above temperatures of 652 °C. SEM images show layers containing carbon
which do not allow strong bonds to form.
4. Carbon layers found in pilot scale bed material can oxidize from within the
particle leaving void regions within the particle.
5. Bed materials which have defluidized can be refluidized by decreasing
temperature and maintaining fluidization velocities. The bed can defluidize without
producing permanent agglomeration.
6. Agglomeration temperature in the fluid bed correlates with a rapid increase in
compression strength of materials heated statically to the same temperature. Heating bed
materials statically to the defluidization temperature produced approximately the same
compression strength in each material tested.
7. A particle collision model predicts that the force produced by colliding
particles is a function, in order of importance, of: particle diameter, particle relative
velocity. density, modulus of elasticity, and poison’s ratio. Although uncertain, the
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variables are known well enough to conclude that sintered particles will break apart
unless located in stagnant regions of the bed. If transported out of stagnant regions before
reaching agglomeration temperatures, the material will break up and refluidize.
8. Heat transfer coefficients in the literature were above and at best twice those
measured in the reactor. When Vreedenberg’s correlation was tuned using the measured
data, it was useful in successfully modeling temperatures in the fluid bed.
The agglomeration temperatures reported by Dunaway (2005) were apparently
defluidization temperatures. The defluidization temperature is a function of bed material
and decreases with decreasing carbon content for the steam reformed bed material.
Sodium carbonate remains fluidized at higher temperatures than the 0.3% and 2%, carbon
GP bed materials. The three different carbon concentration materials (0.3%, 2%, and
17%) had different agglomeration temperatures.

As stated in Table 4.2, the

agglomeration temperatures of the 0.3, 2, and 17 percent carbon concentrations were
490°C, 530°C, and greater than 652°C respectively.
There is a trend of increasing bond strength with increasing temperature. Also,
there is a sudden increase in strength near the defluidization temperature that has been
observed in the bench scale reactor. The collision force depends greatly on the relative
velocity of the two particles. Relative velocities on the order of one-fortieth of the
fluidization velocity result in the collision force and bond strength being approximately
the same. The relative velocity can be increased by increasing the free stream velocity,
increasing the collision force, and in turn, increasing the agglomeration temperature.
A couple of conclusions can be made from the SEM images taken of the three
different coated particles. Various shells are formed as black liquor coats the particles and
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is gasified. These shells still can be gasified even though they are not on the surface. The
shells are visible for the 2% and 17% carbon particles. The lowest 0.3% carbon bed
material had very little carbon, potassium, and chlorine and shells are not visible. The
shells are the thickest in the 17% carbon content particles. The SEM images also suggest
that the carbon gasifies not only on the surface but throughout the particle.
The heat transfer model will predict the temperature difference between the heater
surface and the bed material. This difference can be used as a sign of agglomeration or
particle growth since the heat transfer will decrease as the particles defluidize or grow.
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